During this project CuIn 1-x Ga x Se 2-y S y (CIGSeS)/CdS thin-film solar cells were prepared on molybdenum coated sodalime glass (SLG) substrates. Low toxicity selenium precursors, diethylselenium (DESe) or other organometallic precursors were used for selenization of metallic precursors. Rapid Thermal Processing (RTP) technique was developed as an alternative to conventional selenization and sulfurization to reduce the process time and thermal budget thus enhancing throughput. CuIn 1-x Ga x S 2 (CIGS2) thin-film solar cells were also developed. Easily scaleable magnetron sputtering technique was used for deposition of back contact, metallic precursors and transparent and conducting oxides. A compact and large-grain, 0.9-2.75 μm thick absorber layers were prepared by selenization/sulfurization of elemental precursors at 475-515ºC in diluted DESe or other organometallic precursors and diluted H 2 S. Experiments were performed to reduce absorber thickness so as to minimize the indium consumption using both conventional as well as the RTP approach. Experiments were carried out on thinner i.e. 1.2 µm-1.5 µm CIGS2 absorbers. Effect of sodium addition on copper poor CIGS2 absorbers and thinfilm solar cells was studied. Alternate heterojunction partner layers were developed for CIGS2 thin-film solar cells.
SELENIZATION/SULFURIZATION IN THE CONVENTIONAL FURNACE
Mo-back contact was deposited by DC magnetron sputtering over 15 cm x 10 cm sodalime glass substrates. Presence of small amount of sodium during CIGSeS formation has proven to be beneficial. Sodium containing precursor, NaF was deposited over the back contact prior to the precursor deposition. Experiments were carried out with various NaF thicknesses.
The Cu-In-Ga precursors were deposited by DC magnetron sputtering. The thickness of layers was adjusted by varying the linear speed of substrate movement over the target. Selenization and Initially, the thickness of absorber layers was maintained in the range of 2.5 -2.7 μm.
Experiments were carried out to optimize the process parameters of DC magnetron sputtering of metallic precursors and temperature, time, and reactant quantities of selenization/sulfurization for absorber preparation. Addition of minute quantities of sodium was found to improve the morphology of the absorber films [1] . Moreover, the grains were well faceted and compactly packed ( Fig. 1 ). Initially CuIn 1-x Ga x Se 2 (CIGS) absorbers were prepared by selenization of the precursors.
Thin film solar cells prepared by using CIGS layers having Cu/(In+Ga) ratio of 0.83 had an efficiency of 12.33%. At this stage, the Cu/(In+Ga) ratio was further optimized to 0.86. Side-byside, selenization/sulfurization process was optimized to prepare CIGSeS layers in the conventional furnace. An efficiency of 13.73%, as measured at NREL under AM1.5 irradiance, was achieved with cells prepared using these CIGSeS layers (Fig 2) . At the time, this was the highest officially measured efficiency for a small-area CIGSeS thin film solar cell prepared by a two-stage technique. 
RAPID THERMAL PROCESSING
CIGSeS thin-films were also prepared by rapid thermal processing (RTP). Glass substrates were coated with Mo back contact and Cu-In-Ga precursor layers by DC magnetron sputtering. Selenium and NaF were deposited by thermal evaporation. RTP was carried out in a mixture of H 2 S and nitrogen at a temperature of 550°C to prepare CIGSeS absorber films.
CIGSeS thin film solar cells were completed similar to cells for CIGSeS absorber films prepared by selenization/sulfurization in a conventional furnace described earlier. Small-area cells with an efficiency of 12.78% were prepared by a two stage process using RTP for selenization/sulfurization (Fig 3) . This is the highest, officially measured efficiency till date achieved by any University or National Lab, for small-area CIGSeS thin film solar prepared by two-stage technique using RTP. This value is lower than that of the CIGS2/CdS cell of 12.8 mA/cm 2 . It is expected that CIGS2 solar cell with Zn x Cd 1-x S as the heterojunction partner should provide higher current density due to lower blue photon losses as compared to one with CdS as the heterojunction partner.
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However, an increase in the current density is not observed probably due to the highly resistive ZnS film as compared to CdS. Due to the higher resistance the fill factor of CIGS2/Zn x Cd 1-x S cell is 29.45%, lower than the fill factor value of 68.35% for CIGS2/CdS cell. The open circuit voltage was measured to be 560 mV which suggests that there was sulfur incorporation into the bulk of the material also the bandgap calculated from the quantum efficiency curve is about 1.13 eV which again suggests the bandgap shift due to sulfur incorporation. The short circuit current density measured using the current-voltage characteristics is 25.57 mA/cm 2 . This lower value of short circuit current density could be due to the diffusion of sulfur into the bulk of the absorber rather than just the surface. This could also be because of poor absorber quality as can be seen from the quantum efficiency curve. The red response shows that the recombination losses are very high which results in the low current density. This suggests poor absorber film material.
The sulfur diffusion can be controlled by further optimization of the sulfur and sodium content which could lead to better currents. 
SUMMARY AND CONCLUSION
The work carried out during this project presents the use of DESe or other organometallic precursors as a low toxicity alternative selenium sources for preparation of a high quality absorber. The addition of small quantity of sodium in the form of NaF layer was beneficial in improving the morphology of the film which showed large, well faceted and compactly packed CIGSeS grains. A small area cell with an efficiency of 13. Recently, the Florida Solar Energy Center has received substantial funding for development of renewable energy technologies. Part of this funding will be used to upgrade the equipment and facilities at the FSEC Photovoltaic Materials Laboratory. It may be noted that most of the equipment and facilities at the FSEC Photovoltaic Materials Laboratory were built several years ago, and hence the frequency of outage has increased recently. Now using the newly available funds the maintenance and, if necessary, replacement of the equipments and facilities will be carried so as to put the PV Materials lab back in good shape for carrying out future research and development.
